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Silicon nanowire (Si NW) two-terminal devices were fabricated to electrically probe the real-time forma-
tion and destruction of lipid bilayers. A liposome solution, containing the same ratio of zwitteri-
onic/anionic lipids that are present in an Escherichia coli cell membrane, was applied to the NW
devices. Lipid bilayer formation on the Si NWs was detected in-situ by observing electrical resistance
changes complemented by confocal ﬂuorescence microscopy imaging. The formation of lipid bilayers
resulted in a 1% to 2% decrease in device current, consistent with the negative gating effect of the lipids
on the NW surface. The devices demonstrated a  1 min electrical response time to lipid encapsulation.
Removal of the lipid layer was achieved by exposing the devices to a detergent, which resulted in NW
conductance returning to its original value with a  2 min recovery time. The lipid bilayer coated Si
NWs demonstrate a novel platform to enable in-situ electrical probing of bacterial cell membrane
mechanisms, interactions, and reactions.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Over the past decade, silicon (Si) nanowires (NWs) have been
studied extensively as biosensing platforms. Due to the fact that
biomolecules can act as an electrical gate upon adsorption onto
NW surfaces and change NW device conductivity, the label-free,
real-time electrical detection of a wide variety of biomolecules
has been realized [1–7]. The high surface-to-volume ratio of the
electrically active NW enables its extremely high sensitivity to
analytes, while selectivity is realized through biomolecule speciﬁc
NW surface functionalization.
The success of Si NW devices in the detection of biological com-
pounds has opened up the possibility of using NWs to study the
mechanisms of cellular reactions [8,9]. Since cell membranes playa critical role in cellular interactions, studies have recently been
carried out to encapsulate NWs in a lipid bilayer as to mimic a cell
membrane [9–12]. The electrical detection of ion transport through
pore channels in a lipid bilayer coated Si NW was recently demon-
strated in [13], revealing the potential of using Si NW devices as
artiﬁcial cell constructs.
While the in-situ formation of lipid bilayers on Si NWs was
studied using ﬂuorescence microscopy in [12], real-time electrical
measurements performed to analyze the temporal effect of the
membrane formation process on NW conductivity were absent. A
change in the electrical resistance for a bilayer coated vs. uncoated
NW was demonstrated only ex-situ by Misra et al. [13] and
Martinez et al. [10]. In this paper, we sought out to study in-situ
lipid bilayer formation and destruction on Si NW surfaces using
electrical measurements, complimented by ex-situ confocal ﬂuo-
rescence microscopy imaging. Liposomes consisting of 80% zwitte-
rionic lipids (phosphatidylcholine (PC)) and 20% anionic lipids
(phosphatidylglycerol (PG)) were utilized to mimic the charged
lipids present in an Escherichia coli cell membrane [14]. The lipo-
somes were applied to Si NW devices to study lipid bilayer forma-
tion and a common detergent, Tween20, was used to remove the
lipid layer from the NW surface [15]. This work demonstrates that
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formation and the consecutive removal of lipid bilayers over NW
surfaces. The membrane encapsulated two-terminal Si NW devices
demonstrated here present a novel platform to enable the electri-
cal probing of bacterial cell membrane reactions.2. Materials and methods
2.1. Device design
A schematic of the Si NW sensor chip utilized in the experi-
ments is shown in Fig. 1(A). The 25 mm  25 mm chip included
twelve 1 mm  1 mm electrical contact pads at the top of the sen-
sor chip (see Section 2.5 below for more details). The twelve metal
pads extended as 20 lm wide lines to the center of the chip where
they paired at a 10 lm gap. As shown in Fig. 1(B), a single Si NW
bridged each gap resulting in a total of six NW devices on the chip.
A 5 lm wide, 6 mm long photolithographically etched channel
encompassed all six NW devices and connected to a ﬂuid reservoir
at the bottom of the chip (see Fig. 1(A) and (B)).1 x 1 mm2 metal pad
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Fig. 1. (A) The design schematic of the Si NW sensor chip. The chip contained six two-term
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Fig. 2. Si NW sensor chip fabrication (A) and insulation (B) steps. An opt2.2. Device fabrication
A 400 Si (100) wafer, coated with a 300 nm SiO2 layer (see Fig. 2,
A1), was utilized as the substrate for device fabrication. The wafer
was diced into 25 mm  25 mm squares, cleaned using acetone
and isopropanol, rinsed in distilled water, and then dried using a
stream of nitrogen. Photolithography processing steps deﬁned
the openings for the bottom metal contacts (Fig. 2, A2) followed
by electron beam deposition of 15 nm of Ti metal (Fig. 2, A3).
N-type Si NWs, with a length of about 30 lm and a diameter of
120 nm, grown using catalyst assisted vapor–liquid–solid chemical
vapor deposition [16], were dielectrophoretically aligned onto the
Ti contact pads (Fig. 2, A4) as described in our previous paper [17].
Dielectrophoretic alignment was carried out at 20 V to 30 V of
alternating current at 1 kHz. Photolithography steps were utilized
to deﬁne openings for the top metal contacts (Fig. 2, A5).
Electron beam deposition was used to deposit a stack of metals
(70 nm of Ti, 70 nm of Al, 50 nm of Ti, and 50 nm of Au) onto the
patterned chips (Fig. 2, A6). The completed devices were annealed
in argon at 550 C for 30 s to facilitate ohmic contact formation
(Fig. 2, A7).s
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ical image of a fabricated and insulated sensor chip is shown in (C).
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To insulate the Si NW devices for the application of ionically
conducting ﬂuids, approximately 3 lm thick polyimide (PI) was
spun onto the surface of the sensor chip (Fig. 2, B1). Following a
baking and curing of the polyimide, 100 nm of SiO2 was deposited
onto the chips using plasma enhanced chemical vapor deposition
(Fig. 2, B2). Standard photolithography steps were utilized to
deﬁne a 5 lm wide channel to guide the ﬂow of liquids over the
center of the Si NWs (see Fig. 2, B3). A CHF3/O2 plasma etch was
used to etch through the deposited oxide layer (see Fig. 2, B4).
Then, an O2 plasma was used to etch through the polyimide and
to remove the top photoresist layer (Fig. 2, B5) An optical image
of a fabricated and insulated sensor chip is shown in Fig. 2(C).
2.4. Preparation of liposomes and Tween20 solution
Small unilaminar vesicles (SUVs) were prepared using DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine, 5 mg/mL in chloro-
form, Avanti Polar Lipids), DOPG (1,2-dioleoyl-sn-glycero-3-[phosh
o-rac-(1-glycerol)] (sodium salt), 1 mg/mL in chloroform, Avanti
Polar Lipids), and NBD-PG (1-oleoyl-2-{6-[(7-nitro-2-1,3-benzoxa
diazol-4-yl)amino]hexanoyl}-sn-glycerol-3-[phospho-rac-(1-gly
cerol)] (ammonium salt), 1 mg/mL in chloroform, Avanti Polar
Lipids).1 80% DOPC, 18% DOPG, and 2% NBD-PG (mole percent) were
added to a round bottom ﬂask using gas tight syringes. The solution
was rotor-evaporated with a nitrogen gas ﬂow followed by vaccum
drying to evaporate chloroform. The lipids were resuspended in
phosphate buffer, 0.01 M, pH = 7.4, to produce a ﬁnal lipid concen-
tration of 2.5 mg/mL. The lipid solution was rotor-evaporated with-
out gas ﬂow to ensure complete resuspension of the lipids in buffer.
The lipid solution was extruded through an Avanti Mini Extruder,
using a 50 nm polycarbonate ﬁlter, for 10 total pass throughs to give
50 nm liposomes suspended in buffer [18]. Following 24 h from
liposome preparation, liposome solutions were sonicated for
30 min to ensure SUVs.
The common biological detergent, Tween20 (polyethylene
glycol sorbitan monolaurate, viscous liquid, Sigma–Aldrich), was
dissolved in phosphate buffer (0.01 M, pH = 7.4) to make a 10%
by volume solution.
2.5. Device testing
The 1 mm  1 mm metal pads (at the top of the sensor chip)
were connected to an Agilent Semiconductor Parameter Analyzer
system. For the current–voltage (I–V) measurements, the devices
were subjected to a 5 V to 5 V voltage sweep. For current versus
time measurements, a constant voltage of 500 mV was applied to
the devices and current values were recorded every second.
10 lL to 100 lL drops of phosphate buffer (0.01 M, pH = 7.4), lipo-
some solution, and 10% Tween20 solution were applied to the ﬂuid
channel of the Si NW sensor chip using a pipette and the current of
the NW as a function of time was recorded.
2.6. Optical and ﬂuorescence microscopy
Optical microscopy was performed on the Si NW sensor chips
using an upright Olympus Optical Microscope. Images of the NW
devices were obtained using a 50 or 100 objective in bright or
dark ﬁeld mode. Fluorescence microscopy was performed on the
Si NW sensor chips using a Leica Microsystems Confocal
Microscope equipped with a 40 water immersion objective. The1 Commercial equipment and material suppliers are identiﬁed in this paper in
order to adequately describe experimental procedures, which does not imply
endorsement by NIST.images were obtained for an emission wavelength range of
500 nm to 600 nm using a 458 nm excitation wavelength.3. Results and discussion
3.1. Characterization of the Si NW devices
The I–V characteristics of a Si NW device on a fabricated and
insualated sensor chip are shown in Fig. 3(A). Before the annneal-
ing step, the devices displayed a non-linear I–V dependence due
to the non-ohmic behavior of the electrical contacts. After anneal-
ing, the devices demonstrated a linear I–V relationship with much
higher current values due to ohmic contact formation. Following
the deposition of the polyimide insulation layer on the sensor chip,
the Si NW devices retained linear I–V behavior with slightly
decreased current values. Optical microscopy images of a Si NW
device before and after annealing, and after polyimide insulation
are shown in Fig. 3(B)–(D).3.2. Sensor chip device testing
The Si NW sensor chip was connected to the Agilent
Semiconductor Parameter Analyzer system as described in
Section 2.5 for the biosensing experiments. The response of a Si
NW device to phosphate buffer, PC/PG liposomes, and Tween20
is shown in Fig. 4. Before the start of the sensing experiment, the
Si NW sensor chip was incubated in phosphate buffer. After
a  10 min incubation time, the sensing experiment began (t = 0)
with an applied voltage of 500 mV. The device in the buffer solu-
tion demonstrated a current value of about 2.53 lA. To ensure that
the Si NW device had reached a steady-state conductance, 20 lL of
phosphate buffer was added three times to the sensor chip (see
Fig. 4, circles marked as 1, 2, and 3 at  50 s,  200 s, and
 350 s, respectively). As a result, the current slightly decreased
and reached a baseline value of 2.52 lA. A 60 lL drop of the
PC/PG liposome solution (i.e. a bacterial cell membrane) was then
added to the sensor chip (Fig. 4, see circle 4 at  450 s). The current
in the device decreased to 2.49 lA (a 1.2% decrease) and remained
steady over the course of  15 min. The decrease in NW current
can be attributed to the formation of a lipid bilayer around the
NW (described in more detail in Section 3.3). The response time
of the device (deﬁned as the time required for the device current
to reach 80% of its total decrease in current) was 88 s. After
a  15 min exposure to the liposome solution, 30 lL of the
Tween20 solution was added to the device (see Fig. 4, circle 5 at
 1350 s). The current in the NW increased to 2.525 lA (a 1.4%
increase), which was the approximate baseline current value of
the NW in phosphate buffer. The current increase corresponds to
removing the lipid bilayer from the NW surface leading in a return
of NW conductance to its original value (see a ﬂuorescent micro-
scopy veriﬁcation experiment below and the mechanism
Section 3.3 for more details). It is important to note that the recov-
ery time for the device (deﬁned as the time required for the device
current to reach 80% of its total increase in current) was 124 s.
Numerous Si NW devices were tested as described above. On aver-
age, the liposome solution resulted in a 1% to 2% decrease in NW
conductance with a 1 min device response time. For all tested lipid
encapsulated Si NW devices, the Tween20 solution resulted in the
recovery of NW conductance to its baseline value in buffer with an
average 2 min response time.
To conﬁrm that the decrease in NW current (Fig. 4, circle
marked as 4) was due to the formation of a lipid bilayer on the
NW surface, confocal ﬂuorescence microscopy was performed.
The liposomes utilized in the experiments contained a green ﬂuo-
rphore and would result in green NW ﬂuorescence if lipids did
(A)
(B) (C) (D)
Fig. 3. (A) I–V curves for a Si NW device before anneal (blue diamonds), after anneal (red squares), and after polyimide (PI) insulation (green triangles). (B)–(D) Optical
microscopy images of a Si NW device: (B) before anneal, (C) after anneal, and (D) after polyimide insulation. The arrow in (D) indicates the sensor chip ﬂuid channel. Note that
dark spots formed upon annealing due to reaction of metals in the pads. The scale bar in all three images is 10 lm. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Current versus time response of a Si NW device upon the addition of a 20 lL
drop of phosphate buffer (1), (2), (3), 60 lL of PC/PG liposome solution (4), and
30 lL of Tween20 solution (5).
(A) (B) 
Fig. 5. (A) Confocal ﬂuorescence microscopy of a Si NW after exposure to the PC/PG
liposome solution. The ﬂuorescing horizontal streaks are excess liposomes ﬂoating
in solution. (B) The corresponding ﬂuorescence image after exposure to the
Tween20 solution. The dashed white line encircles the location of the non-
ﬂuorescing NW. Note that the polyimide insulation layer used in the experiments is
inherently ﬂuorescent and appears as the bright, ﬂuorescent horizontal edges in
both images. The scale bar in both images is 1 lm.
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Fig. 6. Mechanism of lipid bilayer formation/destruction on a Si NW and its effect on NW conductance. The red/black circles with lines in their interior represent electrons.
Note the schematic reduction of negative charges in the NW due to the gating effect of a lipid bilayer, which results in reduced NW conductivity. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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green following its exposure to the liposome solution (the image
corresponds to the region between the circles marked 4 and 5 in
Fig. 4). As a consequence, it can be concluded that the liposomes
did encapsulate the NW leading to a decrease in device current.
The average ﬂuorescence intensity of the NW in Fig. 5(A) was
53 ± 13. Because the NW ﬂuorescence is relatively uniform, it is
likely that a lipid bilayer, rather than lipid multilayers, formed on
the NW surface [11]. Also, since the liposomes utilized in the
experiments contained the same ratio of zwitterionic/anionic
lipids as an Escherichia coli cell membrane, the lipid coating on
the NWs mimics an Escherichia coli cell membrane at this stage
in the experiments.
To conﬁrm that the increase in NW conductance back to its
original value in buffer (Fig. 4, cicle marked as 5) was due to
Tween20 removing the lipid bilayer from the NW surface, ﬂuores-
cence microscopy was performed. Fig. 5(B) demonstrates a loss in
the NW’s ﬂuorescence after Tween20 is applied to the sensor chip
(this image corresponds to region 5, the end of the experiment, in
Fig. 4). The average ﬂuorescence intensity of the NW in Fig. 5(B)
was 12 ± 1. The lack of NW ﬂuorescence indicates that the increase
in NW conductance to its original baseline value was due to
Tween20 destroying the lipid layer on the NW.3.3. Mechanism of the formation and destruction of a lipid layer on
NWs
Studies have been conducted to probe the formation of lipid
bilayers on solid, planar substrates and it has been determined that
liposome vesicles spontaneously break open and assemble into
ﬂuid bilayers on both silicon and quartz [19–21]. It is proposed that
as vesicles form a bilayer on solid surfaces, a thin water layer acts
as a cushion between the substrate and the supported bilayer, sub-
sequently pushing the bulk of the water to the other side of the
bilayer [19–21]. It is pressumed that upon exposure of the NWs
to the PC/PG liposomes in our experiments (Fig. 4, the circle
marked as 4 and Fig. 5(A)), this type of mechanism also occurs
(see Fig. 6). In addition, Noy’s group proposed that formation of a
water supported bilayer on NWs with diameters down to 20 nm
is energetically favorable if the liposome vesicle diameter is less
than 60 nm [11]. Due to the fact that in our experiments, 50 nm
liposome vesicles and 120 nm wide NWs were utilized, sponta-
neous formation of a lipid membrane on NWs was favorable and
was consistent with the electrical measurements and ﬂuorescence
microscopy imaging.
The PC/PG liposome solution and the resulting bilayer that is
formed on the NW contains an overall net negative charge [18].
It is therefore expected that bilayer formation on the n-type Si
NW surface would lead to a decrease in NW conductance due gat-
ing effects; the charged lipid bilayer would result in a suppression
of negative carriers at the NW surface, thus causing a surfacecarrier depletion and a decrease in NW conductance [2,5]. The for-
mation of a PC/PG bilayer on the Si NW devices did indeed lead to a
reduction in NW conductance of about 1–2% in our experiments.
Tween20 is a commonly used detergent for lipid solubilization
[15,22]. It is expected that upon exposure of a lipid encapsulated
NW to a concentrated solution of Tween20, the lipid bilayer would
be removed from the NW surface. In our experiments, the applica-
tion of a 10% Tween20 solution to a lipid encapsulated NW (Fig. 4,
the circle marked as 5) resulted in a return of the NW conductance
to its original value in phosphate buffer. Therefore, we conclude
that this increase in conductance is due to the removal of the lipid
bilayer from the NW. The ﬂuorescence microscopy results
(Fig. 5(B)) conﬁrm that no lipids remain immobilized on the Si
NW surface after exposure to the Tween20 solution.4. Conclusions
The design, fabrication, and insulation of a Si NW sensor chip to
electrically probe the formation and destruction of a lipid bilayer
was presented. Si NW devices were exposed to a PC/PG liposome
solution, with the same ratio of zwitterionic/anionic lipids that
are present in an Escherichia coli cell membrane. Lipid bilayer for-
mation was found to occur on the Si NWs as was demonstrated
by both electrical measurements and confocal ﬂuorescence micro-
scopy. The electrical measurements revealed a 1–2% decrease in
NW conductance, with a 1 min response time upon lipid encapsu-
lation. This decrease in NW conductance was attributed to the gat-
ing effect of the lipid bilayer on the surface of the n-type NW
devices. The ﬂuorescence microscopy images demonstrated rela-
tively uniform NW ﬂuorescence post exposure to the PC/PG lipo-
some solution, likely indicating bilayer formation on the NW
surface. The lipid encapsulated NW devices were exposed to a con-
centrated solution of detergent, Tween20. The Tween20 solution
destroyed the lipid bilayer on the NW devices as was evidenced
by both electrical and ﬂuorescence microscopy measurements.
The conductance in the NW returned to its original value in phos-
phate buffer within about a 2 min exposure period to the Tween20
solution, indicating the full removal of the lipid layer from the
NW’s surface. The corresponding ﬂuorescence microscopy images
conﬁrmed removal of the lipids from the NWs. The studies pre-
sented demonstrate that the formation and destruction of a lipid
layer mimicking an Escherichia coli cell membrane can be detected
in-situ by electrical measurements and confocal ﬂuorescence
microscopy. The lipid encapsulated Si NW devices demonstrate a
novel platform to further probe cell membrane biochemical
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